The ferric uptake regulation (fur) gene Mn2+-Fur had a significantly higher affinity for the promoter fragment of sodB compared with that of random DNA sequences but significantly lower than for the promoter fragment of sodA. These observations suggest that the apparent positive regulation of sodB does not result exclusively from a direct interaction of holo (metallated) Fur itself with the sodB promoter. Nevertheless, the sodB gene also appears to be part of the iron uptake regulon but not in the classical manner of Fe-dependent repression.
Mn2+-Fur had a significantly higher affinity for the promoter fragment of sodB compared with that of random DNA sequences but significantly lower than for the promoter fragment of sodA. These observations suggest that the apparent positive regulation of sodB does not result exclusively from a direct interaction of holo (metallated) Fur itself with the sodB promoter. Nevertheless, the sodB gene also appears to be part of the iron uptake regulon but not in the classical manner of Fe-dependent repression.
Bacteria contain two metalloproteins currently classified as superoxide dismutases (SOD; EC 1.15.1.1). These proteins are quite well characterized. Three-dimensional structures have been determined for both Fe and Mn forms (42; see reference 32 and references therein). Detailed mechanistic studies of catalytic superoxide dismutation have been carried out (8; see reference 55 and references therein). The two genes coding for the Escherichia coli proteins have been cloned, mapped, and sequenced, and null mutations in each and both genes have been prepared (see reference 56 and references therein). It is widely held that the function of these proteins in bacteria is to provide protection from oxygen poisoning (21, 35) . One of us has objected to this belief, suggesting that the functions of SODs are not yet known (18) ; recent observations (20) that some SOD-less E. coli strains can grow in oxygenated glucose minimal medium at rates similar to that of parental cells support this view.
The regulation of SOD activities in E. coli is quite complicated (53, 56, 57) . Early workers, finding that MnSOD activity is normally not detected in cells grown under anaerobic conditions, suggesting that expression of the sodA gene, which codes for MnSOD, was controlled by the presence of 02-; in contrast, the sodB gene, which codes for FeSOD, appeared to be constitutive (29; see reference 22 and references therein). Compelling evidence that 2-was involved seemed to come from observations that culturing cells in the presence of certain redox dyes, notably methyl viologen (paraquat [pQ2+] ), caused substantial increases in MnSOD activity (29, 30) . More recent studies, however, have sug-* Corresponding author.
gested that neither 02 nor 02 is involved and that sodA expression depends on the nature of the carbon source and the mode of growth, either fermentative or respiratory. Thus, sodA expression, as measured by MnSOD activity, occurs during respiratory growth when dioxygen, nitrate, trimethylamine-N-oxide, dimethyl sulfoxide, or ferricyanide is used as a terminal electron acceptor (31, 37, 45, 47, 51) ; it is noteworthy that during either aerobic or anaerobic respiration, MnSOD is induced on the addition of methyl viologen (pQ2+) to the culture (45) . MnSOD activity also appears to depend on the nutritional status of the cell in a manner suggesting that involvement of the catabolite activation system (30) . Early work also suggested that the concentration of Fe in the culture medium influences levels of SOD activity. In 1976, Simons et al. (50) demonstrated that the level of FeSOD activity was enhanced by increasing the concentration of Fe in an anaerobic culture medium, while in 1984, Moody and Hassan (38) showed that MnSOD activity was enhanced by strongly decreasing the concentration of Fe in the culture medium. In a pioneering study, Touati (57) examined the expression of a 4(sodA'-'lacZ) chromosomal fusion in which the lacZ structural gene is under control of the promoter of sodA. In her work, induction of 3-galactosidase activity mimicked MnSOD induction: activity was not expressed in anaerobiosis and was induced by oxygen, redox cycling compounds in aerobiosis, and iron chelators in the absence of oxygen. Data were also obtained in agreement with the suggestion of Moody and Hassan (38) (59) . Some 30 genes of the E. coli chromosome are involved in iron uptake, and all are in some way regulated by the ferric uptake regulation (fur) locus (9, 25, 26, 39, 41, 44, 46, 59) . The mechanism of this regulation is now understood in broad outline (2, 3, 9, 14-16, 25, 26, 39, 41, 44, 46, 58, 59) : the product of the fur gene, Fur, is a 17-kilodalton polypeptide that binds Fe2 , forming a dimeric protein (metallated or holo Fur) that associates with a specific DNA sequence in the operator-promoter regions offur-controlled genes; there Fur in conjunction with Fe acts as a repressor of transcription (16, 58) . When the Fe concentration within the cell is lowered beyond a certain level, this repression is relieved (2, 16) . In all of the genes examined so far, metallated Fur recognizes an operator sequence called the iron box (3, 9, 25, 26, 39, 41, 44, 46) , having a consensus sequence GATAAT GAT(A/T)AT(T/C)ATT(T/A)(T/G)C (17) . In a preliminary communication, we noted (40) that sodA contains an iron box (GATAATCATTTTCAATATC) that is -85% similar to the consensus sequence. The only significant deviation occurs at position 15 (shown in boldface), where sodA has an A while all other sequences contain a T. This sequence overlaps the RNA polymerase-binding (-35) region of the promoter of sodA. A corresponding sequence is not found in the sodB gene (10) . By analogy to other genes bearing this sequence, the presence of an iron box suggested to us that the sodA gene would be derepressed in strains carrying a null mutation in fur, while the sodB gene, which lacks the iron box, would be unaffected. Here (27) on 10% polyacrylamide gels. The gels were stained for protein with 26% isopropanol-11% acetic acid-0.1% Coomassie blue R and destained with 10% isopropanol-10% acetic acid, or stained for SOD activity by the method of Beauchamp and Fridovich (4) .
Enzyme activities. The xanthine-xanthine oxidase-coupled reduction of cytochrome c assay as described by McCord and Fridovich (34) was used to quantify soluble SOD activity. ,-Galactosidase activity was measured by the sodium dodecyl sulfate-CHCl3 method of Miller (36) .
Protein-DNA gel retardation. DNA fragments were prepared as follows by working from the known sequences. iucA plasmid pCON6 (14) , harboring the aerobactin operator, was digested with EcoRI and BamHI endonucleases to generate a 160-bp fragment containing the promoter-operator sequences to which holo Fur has previously been shown to bind (14) . sodA treatment of pDT1-5 (11) with AvaI and TaqI endonucleases yielded 195-and 252-bp fragments containing the promoter and part of the sodA structural gene, respectively. sodB digestion of pHS1-8 (11) with BstXI, EcoRI, and NdeI endonucleases resulted in a 200-bp promoter fragment and a 530-bp sodB structural gene fragment. The desired DNA fragments were isolated from low-meltingpoint agarose gels and purified by phenol-chloroform extraction and ethanol precipitation. These fragments were end labeled with [_y-32P]ATP by using the exchange reaction catalyzed by T4 polynucleotide kinase and purified by centrifugation through a Sephadex G-50 spin column as described by Maniatis et al. (33) (Fig. 1) , it is likely that the fur locus is not the major controlling factor of the cell of sodA expression; by contrast, fur must be regulating sodB expression in a very robust manner.
Expression of 4i(sodA'-'lacZ). On the basis of qualitative indications of MnSOD activity, as shown in Fig. 1 , we previously suggested that sodA may not be regulated by fur (40) . To examine the question further, we quantified the influence of fur on sodA transcription by transferring the chromosomal fusion, 4(sodA'-'lacZ), of Carlioz and Touati (11) by P1 transduction (33) to BN402 and BN4020. This transduction nulls the sodA gene and replaces it with 'lacZ under the control of the sodA promoter (11, 57) . Figure 2 shows the levels of P-galactosidase activity as a function of cell growth in L broth-glucose supplemented to 50 Fig. 3 (data not shown). Increasing the concentration of Fe in L broth-glucose from -10 to 50 ,uM Fe had no effect on the expression of the sodB fusion gene in any of these strains (data not shown), although treatment of Fur' cells with DTPA diminished the levels of P-galactosidase to Furlevels (Fig. 3) ; the latter result suggests that very different plasmid copy numbers are not responsible for the observed differences between Fur' and Fur-cells. The expression of the sodB fusion gene appears not to be self-regulated and is only modestly dependent on cell growth phase, consistent with previous conclusions that FeSOD is constitutive (29) . The data also suggest that control of sodB by fur is positive in nature, occurs in trans, and is not exclusively posttranslational. In earlier work, Simons et al. (50) found approximately fourfold more FeSOD activity in cells grown anaerobically on an Fe-enriched medium compared with those grown anaerobically on an unsupplemented but not Fedepleted medium. Our data suggest that their observation is best explained by an increased loading of apo FeSOD with Fe. nondenaturing electrophoretograms of the corresponding extracts. Examination of Fig. 4A shows that we were indeed working with sodA mutant cells and that the expression of FeSOD activity appears to be largely repressed in SodAFur-strains (Fig. 4A, lanes 5 and 11) , consistent with the I J. BACTERIOL. (pABN203) 7 (1) 7 (1) sodA (pCON6) 15 (1) <2 (1) sodA (pMN3) 7 (1) <2 (1) a Strains Fur+ and Fur-were prepared and grown to stationary phase (18 h, A6w of -5); cell extracts were assayed for FeSOD by the method of McCord and Fridovich (34) . The amount of protein used in each assay ranged from 5 to 28 ,ug for Fur+ cells and from 50 to 250 ,ug for Fur-cells; the assays were carried out in triplicate, and the mean errors are indicated in parentheses.
b Activities varied slightly during growth. Cultures having an A6 of 0.7 had 17 U/mg while cultures having an A6w of 2.1 and 23 U/mg. ' Apparent activity was independent of growth.
results shown in Fig. 1 . The quantitative data of Table 2 indicate that the appearance of FeSOD activity requires an intactfur locus. Thus, the level of expression in Fur' cells is .20-fold higher than in the Fur-strain. Moreover, when expression of FeSOD from the multicopy plasmid pHS1-4 (sodB+) is measured in these two strains, the ratio is -7. When one examines the level of FeSOD protein expressed in cells bearing pHS1-4, one can clearly observe less protein in Fur-cells (Fig. 4B , compare lanes 4 and 7 and lanes 10 and 10). As expected, the presence of pABN203 (Furt) increased the activity of FeSOD in Fur-cells. However, the presence of this plasmid decreased FeSOD activity in Fur' cells, indicating that the plasmid does not restore the parental condition. There is also a discrepancy between the data of Table 2 , according to which FeSOD appears to be strongly repressed (.20-fold) in Fur-compared with Furt cells, and the fusion gene data shown in Fig. 3 , in which the ratio is -2-to 3-fold. Additional data in Table 2 suggest that plasmidborne, Fur-binding DNA sequences may affect sodB expression. Thus, if the Fur protein is itself an activator of sodB expression, lowering intracellular Fur levels, by transformation with a multicopy plasmid known to bind holo Fur, should lead to a decrease in FeSOD activity in Fur' cells. Accordingly, transformation with pCON6 (iucA'-'lacZ) (14) lowered FeSOD activity approximately twofold, consistent with a trans action of fur on sodB. To test whether the promoter of sodB might have a similar effect, Fur' and Furcells were transformed with the multicopy plasmid pMN3 (sodB'-'lacZ) and examined for FeSOD activity in the stationary phase. The approximately fivefold-lower FeSOD activity in cells bearing pMN3 is consistent with the idea that Fur protein may bind to the sodB promoter, although indirect control is not excluded.
DNA-and protein-binding assays. The question whether Fur might act by directly binding to the promoter sequences of the two sod genes was addressed by gel retardation assays (23, 24) . The results presented in Fig. 5 show high-affinity binding of metallated Fur to the promoter regions of iucA and sodA and a somewhat lower affinity for the promoter region of sodB. The Fur protein has only recently been purified and has not been well characterized (58) . It appears to be a complicated protein, sensitive to a variety of environmental perturbations, including the ability to associate with several different bivalent metal ions and a sensitivity to air oxidation. J. B. Neilands kindly supplied us with a sample of highly purified material. We handled this according to his published methods to demonstrate specific associ- (14, 16 (38) found that treatment of anaerobically grown cells with powerful iron chelators resulted in a large induction of MnSOD activity. Our observations suggest that their data can be only partially understood in terms of the classical mechanism by which Fe depletion derepresses fiur-controlled genes. The role of pQ2+ remains an enigma, as it can activate sodA expression both aerobically and anaerobically (45) and therefore does not appear to involve dioxygen.
While holo Fur does interfere with the activating effect of pQ2+ on sodA expression, it seems likely that pQ2+ interacts with another sodA regulation system and/or that internalized PQ (50) affects local DNA structure (13) .
The relation between fur and sodB is evidently more complicated than that between fur and sodA. While our data do not provide a clear picture of this gene-gene interaction, certain aspects deserve comment. Because the level of expression of the sodB'-'IacZ gene on pDM28 was only slightly depressed in SodB-strains, sodB is probably not significantly autoregulated; moreover, this fusion gene was only modestly regulated by fur (Fur+/Fur-ratio, -3 to 5) (Fig. 3) . By contrast, the results of Fig. 1 and 4 and Table 2 show that null mutation of thefur locus dramatically reduced the amount of FeSOD activity produced by the cell, and Fig.  4B shows that the level of FeSOD protein was also greatly reduced. The discrepancy between the induction of sodB'-'lacZ in Fur' and Fur-strains and the amounts of FeSOD in Fur' and Fur-strains is bothersome. Because readthrough (7) on the plasmids bearing sodB'-'lacZ is not likely to be a factor, there must be some other explanation; it is possible that posttranscriptional events are important in the regulation of sodB by fur.
Becausefur plays a dominant role in cellular regulation (3, 9, 15, 25, 28, 59 ) and null mutations may be highly pleiotropic, the question arises as to whether the effect of fur on sodB expression results from a direct interaction of Fur protein with the DNA of sodB, its mRNA, or its apo protein.
Our data do not provide overwhelming evidence for direct activation of sodB by Fur, but there are three lines of evidence which support direct control. The first deals with the data of (26) have been unable to observe titration effects with classical furregulated genes, sodB does not fall into this class. Second, by lowering the Fe in the culture medium, through treatment with DTPA, expression of sodB'-'lacZ in Fur' cells was lowered to that in Fur-cells (Fig. 3) . This result implies that holo Fur is involved in the expression of sodB, through a VOL. 172, 1990 CONTROL OF SODs 1937 direct interaction either with the sodB gene or with its mRNA. Third, we consider the results of the band shift assays. The conditions we used in these experiments were optimized for binding Mn2'-Fur to the iucA operator (14) , which contains a typical iron box sequence. Assuming that the iron box of sodA is the binding site of holo Fur, the affinity of Mn2'-Fur for the sodA promoter is significantly less than for the iucA promoter; we believe this results from the different sequence of the sodA iron box and reflects nonoptimal solution conditions for Mn2+-Fur binding to sodA. The promoter of sodB does not contain an iron box. Therefore, one would expect that rather different conditions must be found to optimize the binding of Fur to this promoter. In the conditions of the experiment whose results are shown in Fig.  5 , we see a much lower apparent affinity of Mn2+-Fur for the promoter fragment of sodB, though clearly distinguishable from nonspecific binding. This weaker binding is also apparent in an increased diffuseness of the bands we believe to be Fur:sodB complexes. We are currently seeking conditions that will stabilize the putative Fur:sodB complex, and we are examining the effect of Fur on in vitro transcription.
In summary, our observations show that the sod genes of E. coli are part of the ferric uptake regulon, thereby suggesting a possible functional role for the Sod proteins in iron metabolism.
